The authors performed a time-series analysis to test the association between air pollution and daily numbers of hospitalizations for headache in 7 Chilean urban centers during the period 2001-2005. Results were adjusted for day of the week and humidex. Three categories of headache-migraine, headache with cause specified, and headache not otherwise specified-were all associated with air pollution. Relative risks for migraine associated with interquartile-range increases in specific air pollutants were as follows: 1.11 (95% confidence interval (CI): 1.06,
Acute and chronic exposure to urban air pollution in North America and Europe has been associated with increased respiratory symptoms, reduced lung function, and hospitalization and death from cardiac and respiratory diseases (1) (2) (3) (4) (5) .
Headache is an important cause of morbidity in modern society. There are many self-reported triggers for migraines, including weather, fatigue, stress, food, menstruation, and infections (6, 7). There have been few studies of the effect of air pollution on headache. A daily diary study of 32 headache sufferers in Turin, Italy, revealed that the severity and frequency of headache was related to numbers of days with increased carbon monoxide and nitrogen dioxide levels (8) .
Reported headache was more common in a neighborhood with a pulp mill than in one without one (9) . Among 29 women aged 19-27 years who were studied in an environmental chamber, headache, eye irritation, and nasal irritation were significantly worse (P < 0.05) when the women were exposed to ozone at 60-80 ppb as compared with <2 ppb (10) . Between 1992 and 2000, the daily number of headache-related visits to an Ottawa, Canada, hospital emergency department increased by 4.9% (95% confidence interval: 1.2, 8.8) with each 3.9-ppb increase in sulfur dioxide level, lagged by 2 days (11) . The same author also reported an increase in headache-related visits in Montreal, Canada, associated with increases in nitrogen dioxide and carbon monoxide levels (12) .
We studied the association between gaseous and particulate air pollution and hospitalization for headache in Santiago Province, Chile. Santiago is densely populated and is situated in a valley surrounded by the Coastal and Andes mountains (13) (14) (15) . In 2001, Kavouras et al. (16) observed that concentrations of particulate matter less than 10 lm in aerodynamic diameter (PM 10 ) in several Chilean cities were high by US and European standards, making it easier to detect adverse effects of air pollution.
MATERIALS AND METHODS

Air pollution data
Daily air pollution data from 2001-2005 for the urban centers that make up Santiago Province were obtained from 7 monitoring stations in 7 regions: Las Condes, Cerrillos, El Bosque, La Florida, Independencia, Santiago, and Pudahuel. The Las Condes, Santiago, and Pudahuel stations measured the pollutants ozone, nitrogen dioxide, sulfur dioxide, carbon monoxide, PM 10 , and particulate matter less than 2.5 lm in aerodynamic diameter (PM 2.5 ). Nitrogen dioxide was not measured in Independencia, La Florida, or El Bosque. PM 2.5 was not measured in Independencia.
Headache hospitalization data
Headache was coded using the International Classification of Diseases, Tenth Revision (ICD-10). Daily numbers of hospitalizations for migraine (ICD-10 code G43), other specified headache (tension, cluster, vascular, posttraumatic, drug-related, or other specified cause; ICD-10 code G44), and headache not otherwise specified (ICD-10 code R51) were obtained from the Instituto Nacional de Estadisticas, the official source of statistical data in Chile from 2001 through 2005. Atypical facial pain and trigeminal neuralgia were not included.
Statistical methods
We assumed a Poisson distribution and used time-series analyses. A linear association between ambient air pollution and headache on the logarithmic scale was assumed (17) . Natural splines were created with 1 knot for each of 15, 30, 60, 90, 120, 180 , and 365 days of observation. We selected a model with the number of knots that minimized Akaike's Information Criterion, a measure of model prediction. We then maximized the evidence that the model residuals did not display any type of structure, including serial correlation using Bartlett's test (18) . We also plotted model residuals against time, searching for visual signs of a pattern or correlation. Having selected the optimal model for time, we assessed the 24-hour mean values for temperature, humidity, barometric pressure, and humidex (a measure of the combined effect of temperature and humidity; Environment Canada, unpublished data, 2002 (http://www.msc-smc.ec. gc.ca/cd/brochures/humidity_e.cfm)) to determine the best weather predictors of headache. We accounted for potential nonlinear associations with headache by using natural spline functions with 4 knots. The model that minimized Akaike's Information Criterion used humidex, both on the day of the hospital admission for headache and on the day prior.
Lag times of 0-5 days were examined for the air pollutants. We also used unconstrained distributed lags as described by Schwartz (19) .
In this paper, we present the increase in relative risk of headache for an interquartile-range increase in the level of each pollutant, using the optimal lags-those that maximized the observed effect size. The interquartile range, the middle 50% of the exposure data, provides a realistic estimate of day-to-day changes. It is nonparametric, so it will not be influenced by skewed data. It excludes extreme values and outliers which are unstable and infrequently seen. Results from each region were pooled using a random-effects model.
RESULTS
Regional population sizes varied more than 3-fold, from 421,000 in Independencia to 1,335,000 in La Florida ( Table 1 ). The numbers of hospital admissions for headache varied 2-to 4-fold between Santiago and Independencia. In the total population of 5.37 million people, there was an average of 2.5 hospital admissions daily for headache, half of which had no specified cause and one-third of which were for migraine. Twenty-four-hour mean concentrations of air pollutants varied by approximately 50%-100% between regions. El Bosque had the greatest concentrations of PM 10 and sulfur dioxide and the second-greatest concentration of sulfur dioxide. Las Condes had the greatest concentration of ozone.
The greatest and smallest regional pairwise correlation coefficients for each 2-pollutant combination are presented in Table 2 . Those greater than or equal to 0.7 are identified with a footnote. The greatest positive correlations were between carbon monoxide and nitrogen dioxide and PM 2.5 , which is consistent with a common source, mobile combustion. Sulfur had somewhat lower positive correlations with the other pollutants, whereas ozone tended to have small and often negative correlations with other pollutants.
Associations between headache and single pollutants
The majority of relative risks for the relation between headache and air pollution were greater than 1 for each of the 7 areas and each of the 3 headache classifications (Table 3) . Of all of the relative risks calculated for each pollutant by region and by headache type, ozone had greater relative risks than the other pollutants for 14 of the 21 comparisons. Of the 3 headache types, relative risks were greater for migraine for approximately 50% of the comparisons. The 95% confidence interval excluded 1 for 15 of the 21 comparisons with ozone, 7 of the 12 comparisons with nitrogen dioxide, and 6 of the 12 comparisons with PM 2.5 . For other pollutants, fewer than 50% of the comparisons were significant. The number of times the 95% confidence interval excluded 1 was 22 for migraine, 9 for nonspecified headache, and 7 for specified headache. Las Condes and Santiago had the greatest numbers of significant relative risks. There were significant associations between migraine and ozone in all regions.
When the regions were pooled, the relative risk estimates were greater than 1 for all pollutant-headache type combinations. Using models with a single lag structure, the 95% confidence interval excluded 1, except for the associations between PM 2.5 and migraine and headache of specified cause and the association between nitrogen dioxide and headache of specified cause ( Table 4 ). The largest risk estimate was 1.17 for the relation between ozone and migraine headache, and the second-largest was 1.13 for the relation between nitrogen dioxide and headache of specified cause. Effect sizes seen with a distributed lag structure pointed in the same direction but tended to be greater than with the single lag structure. With distributed lags, the only 95% confidence interval not excluding 1 was that for the association between migraine and PM 2.5 . There was no consistent effect modification of the headache-pollution associations by age, sex, or season (Table 5) . Compared with younger persons, those over age 64 years had nonsignificantly larger relative risks for headaches other than migraine.
Associations for headache in 2-pollutant models
For migraine, the relative risk point estimates for nitrogen dioxide remained stable and statistically significant after adjustment for each of the other pollutants ( Figure 1 ). When other pollutants were adjusted for nitrogen dioxide, their point estimates decreased and statistical significance was lost. The point estimate for PM 10 remained stable despite adjustment for pollutants other than nitrogen dioxide. Carbon monoxide, sulfur dioxide, and ozone lost significance when adjusted for nitrogen dioxide or PM 2.5 . For both headache-not otherwise specified and headache-specified cause, the results from 2-pollutant models were similar. The relative risk point estimate for carbon monoxide remained significant when adjusted for other gases but lost significance 10 , particulate matter less than 10 lm in aerodynamic diameter.
* P < 0.05; **P < 0.005. a Pearson pairwise correlation coefficient of 0.7 or greater. Abbreviations: CI, confidence interval; NA, not applicable; NOS, not otherwise specified; PM 2.5 , particulate matter less than 2.5 lm in aerodynamic diameter; PM 10 , particulate matter less than 10 lm in aerodynamic diameter; RR, relative risk.
a Results were adjusted for long-term trends, day of the week, and average humidex on the day of hospitalization and the day before. Optimal lags were 1 day for all RRs. b One-interquartile-range change in the specified pollutant.
when adjusted for particulate air pollution (Figures 2 and 3) . The ozone effect remained stable and significant after adjustment for carbon monoxide, sulfur dioxide, and PM 10 ( Figures 2 and 3 ) but lost significance at P ¼ 0.05 after adjustment for nitrogen dioxide or PM 2.5 . The other 2 pollutants that were significant in single-pollutant models, sulfur dioxide and PM 10 , lost significance when adjusted for either carbon monoxide or PM 2.5 . Adjusting for sulfur dioxide increased the point estimates for carbon monoxide, nitrogen dioxide, PM 10 , and PM 2.5 .
DISCUSSION
Summary of findings
In this study, numbers of headaches severe enough to require hospitalization were increased on days of greater air pollution. This finding was robust in that the association was present for all 3 headache classifications and for all gaseous and particulate air pollutants tested. Migraine was the type of headache most consistently associated with individual air pollutants across regions of Santiago Province. Ozone was the pollutant most consistently associated with headache in single-pollutant models across Santiago. With the exception of ozone, the high correlations between pollutants-a result of their common source, fossil fuel combustion-made it difficult to isolate the effect of 1 pollutant from that of the others. However, for migraine, the effect of nitrogen dioxide was independent of each of the other pollutants in 2-pollutant models. Nitrogen dioxide is a good marker for mobile combustion sources or urban traffic (20) . Whether nitrogen dioxide per se contributes to headache directly or is simply the best marker of exposure to other toxic pollutants cannot be determined.
Biologic plausibility of a causal relation between air pollution and headache
A causal association between air pollution and headache is biologically plausible. Nociceptive stimuli may trigger headache, and neural and vascular changes are thought to be important in the pathophysiology of headache. Sulfur dioxide and ozone are irritants, and air pollution influences neural and vascular activity.
Observed dilation of temporal arteries during migraine headaches and symptomatic improvement with administration of vasoconstrictors suggest a vascular role in headache. Increased pulsation may stimulate stretch receptors and perivascular nerves (21) . A more recent central neurologic theory supported by neuroimaging is that a trigeminovascular reflex may lead to peptide release and subsequent inflammation, vasodilation, and pain (22) .
The influence of air pollution on the brain is unknown, but there is evidence that air pollutants exert both vascular and neurologic effects on the cardiovascular system. Exposure to fine particulate pollution influences autonomic innervation of the heart. Acute cerebrovascular effects have not been well studied, but air pollution exposure is associated with increased risks of stroke and heart attack and influences peripheral vascular tone. Brook et al. (23) reported that Results were adjusted for long-term trends, day of the week, and average humidex on the day of hospitalization and the day before. Optimal lags were 1 day for all RRs.
b One-interquartile-range change in the specified pollutant. Abbreviations: CI, confidence interval; PM 2.5 , particulate matter less than 2.5 lm in aerodynamic diameter; PM 10 , particulate matter less than 10 lm in aerodynamic diameter; RR, relative risk.
a Results were adjusted for long-term trends, day of the week, and average humidex on the day of hospitalization and the day before. Optimal lags were 1 day for all RRs. b One-interquartile-range change in the specified pollutant. into the circulation. Alternatively, fine particulate air pollution may penetrate the alveolar-capillary wall and travel directly to the end organ hematogenously. In a study by Nemmar et al. (25) , ultrafine technetium-99m-carbon particles (similar in size to some particulate air pollution) could be detected in the systemic circulation of adult volunteers within 1 minute after inhalation. In rats, following intratracheal instillation of albumin nanocolloid particles less than 100 nm in diameter labeled with 100 lCi of technetium99m, radioactivity was subsequently detected in several organs, including the brain (26) .
Strengths and limitations of the present study
Apart from biologic mechanisms which may explain the air pollution-headache association, diagnostic misclassification may have caused an artifactual association in this study if air pollution caused sinusitis that was misdiagnosed as headache. We found evidence supporting air pollution as a risk factor for rhinitis but not sinusitis (27) (28) (29) (30) (31) . Further, facial pain was specifically excluded from the classification of headache. Finally, to account for the observed findings, a misdiagnosis of sinusitis would have had to enter all 3 diagnostic classes of headache, since all 3 were associated with air pollution.
The relatively high level of air pollution in Chile increases the power to detect statistically significant associations and reduces the probability of false-negative results. Although there were only 2.5 hospital admissions daily in our study, the findings were based on several thousand days of observations and admissions for headache. This large sample size also contributed to the power to detect small changes. The error in estimating personal exposure from fixed-site monitors would tend to reduce the probability of detecting an effect and would bias air pollution-headache associations towards the null (32) . This suggests that the magnitude of the true effect may be larger than what we measured. Fixedsite monitoring has been shown to correlate with both indoor and personal exposure. During the winters of 1988 and 1989, Rojas-Bracho et al. (33) carried out an exposure study of Santiago children aged 10-12 years. Personal, indoor, and outdoor PM 2.5 concentrations were all within 5% at 69.5 lg/ m 3 , 68.5 lg/m 3 , and 68.1 lg/m 3 , respectively. In the present daily time-series analysis, we examined the effects of dayto-day differences in air pollution, not absolute values. Therefore, even if there were significant differences between absolute concentrations of indoor and outdoor pollutants, values from fixed-site monitors would still be useful as long as personal exposure was higher on days with higher ambient pollution than on days with lower ambient pollution. There remains a question common to population-based studies of air pollution; whether the identified individual pollutants account for the majority of the observed effect or whether they are a proxy for other pollutants coming from the same source, fossil fuel combustion. Combustion particles may also coexist with pathogens from noncombustion sources. For example, diesel particles may carry aeroallergens, which may enhance the observed association between diesel exhaust and health (34) . The question of how to identify independent effects of individual air pollutants could perhaps be better answered by studying headache in regions with different combinations of air pollutants. Administrative hospital data provide a large number of observations, provide a population-based sample, and identify health outcomes with associated morbidity and financial cost. These databases lack personal information that may influence headache, but these factors would not be expected to confound the observed relation. To be a potential confounder, a factor would have to be a risk factor for the disease; in addition, day-to-day changes in the risk factor would have to be associated with day-to-day changes in the concentrations of air pollutants.
Summary
We found that in Santiago Province, acute increases in ambient air pollution were associated with increases in numbers of hospital admissions for headache. If this association proves to be causal, the morbidity from headache should be included when estimating the illness burden and economic costs of air pollution, and recommending that headache sufferers remain indoors on days with high air pollution levels may reduce morbidity. We recommend that further studies be conducted in different geographic regions to test the consistency of this finding.
